Menopause is associated with declines in physical activity and skeletal muscle strength. Physical activity is also reduced in rodents after ovariectomy (OVX) and whole-body estrogen receptor α (ERα) knockout. However, it is unclear if the effects are estradiol (E 2 ) specific. Thus, the overall purpose of this study was to investigate the effects of the ovarian hormones, E 2 and progesterone (P4), and skeletal muscle ERα (skmERα) on physical activity and skeletal muscle contractility in female mice. Methods: Study 1: Forty female C57Bl/6J mice were given free access to running wheels for 2 weeks to assess baseline running and randomized into 4 treatment groups: OVX, OVX + E 2 , OVX + P4, OVX + E 2 + P4. All mice underwent OVX, returned to wheels for 2 weeks, received hormone pellet implants and returned to running wheels for 6 weeks, after which soleus muscle contractility testing was completed. Study 2: Thirty-two skeletal muscle specific ERα knock-out (skmERαKO) mice and wildtype (WT) littermates were randomized into 4 groups: skmERαKO-Run, skmERαWT-Run, skmERαKO-Sed, and skmERαWT-Sed. Run mice were given free access to wheels for 20 wk and sedentary (Sed) mice maintained normal cage activities. At the end point, muscle contractility was tested. Results: Study 1: OVX + E 2 + P4 group ran greater distances than both the OVX and OVX + P4 groups (p ≤ 0.009). After fatiguing contractions, soleus muscles of the OVX + E 2 + P4 group maintained greater submaximal force than those of other groups (p = 0.023). Immediately after the fatiguing contractions, OVX + E 2 + P4 muscles had greater maximal force production than the OVX + E 2 group (p = 0.027). Study 2: There were no differences in running distance between skmERαWT and skmERαKO mice (p = 0.240). Soleus muscles of skmERαKO mice were more fatigable (p < 0.001) and did not recover force as well as skmERαWT mice (p < 0.001). In vivo isometric, concentric and eccentric torque was decreased in skmERαKO mice compared to skmERαWT mice (p ≤ 0.029). Conclusions: Combined treatment of E 2 + P4 in OVX mice restored physical activity, predominantly driven by E 2 , and protected soleus muscles against fatigue. Muscle of skmERαKO mice was weak regardless of physical activity. Although 20 wk of wheel running partially prevented force loss during fatigue in skmERαKO mice, force production during recovery remained low, indicating that estradiol functions through ERα in skeletal muscle.
Introduction
There has long been an association between aging and decreased physical activity (Caspersen et al., 2000; Troiano et al., 2008) . In females, one possible contributor for a change in activity level is the decline in ovarian hormones, which occurs around the time of menopause. Postmenopausal women taking estrogen-based hormone therapy are more physically active and participate in greater levels of moderate to vigorous activity than those who did not (Andersen et al., 2003; via gonadotropin releasing hormone antagonist treatment (Lupron™), Melanson et al. (2018) reported women receiving estrogen add-back treatment tended to participate in greater moderate-to-vigorous physical activity per day than women receiving a placebo (Melanson et al., 2018) . Therefore, estrogen appears to play a role in modulating levels of physical activity after menopause.
Rodent models of surgical menopause further support a strong relationship between ovarian hormones, particularly estradiol, and physical activity. Multiple studies have reported substantial decreases in voluntary wheel running distance in mice (Morgan and Pfaff, 2001; Gorzek et al., 2007) and rats (Rodier, 1971; Stern and Murphy, 1972; Kadi et al., 2002; Hertrampf et al., 2006) after ovariectomy (OVX), while treatment with 17-β estradiol (E 2 ) after OVX restores voluntary wheel running activity to pre-surgical levels (Morgan and Pfaff, 2001; Kadi et al., 2002; Hertrampf et al., 2006; Gorzek et al., 2007) . In addition to voluntary wheel running, measures of cage activity in mice have also been shown to decrease after OVX and be restored with E 2 treatment (Ogawa et al., 2003; Greising et al., 2011a; Greising et al., 2011b) . Collectively, results support the premise that a positive relationship between E 2 and levels of physical activity exist in both rodent models and humans.
While there is a putative relationship between E 2 and levels of physical activity, the impact of the other major ovarian hormone, progesterone (P4), is not as well understood. To our knowledge, there have only been two investigations of effects of P4 alone on physical activity in rodent models (Rodier, 1971; Hoffman-Goetz and Fietsch, 2002) . Rodier (1971) reported that injections of P4 given to rats with normal estrous cycles resulted in decreased wheel running activity, and P4 treatment after OVX had no effect on wheel running (Rodier, 1971) . Similarly, Hoffman-Goetz and Fietsch (2002) treated ovariectomized mice with P4 and reported no difference in voluntary wheel running distance compared with placebo treatment (Hoffman-Goetz and Fietsch, 2002) . We are not aware of any investigation which used simultaneous E 2 and P4 treatment to assess physical activity in female rodents. Thus, the first objective of this study was to compare the effects of combined ovarian hormone treatment to single hormone treatments on running wheel distance in ovariectomized mice.
In addition to decreased physical activity levels, skeletal muscle contractile function also declines at the time of menopause, and there is evidence showing that the muscle dysfunction can be mitigated with E 2 treatment (Phillips et al., 1996; Skelton et al., 1999; Greising et al., 2009 ). The few studies to investigate skeletal muscle following P4 treatment alone report increased protein fractional synthesis, as well as mitochondrial hydrogen peroxide (H 2 O 2 ) emissions in skeletal muscle from post-menopausal women (Kane et al., 2011; Smith et al., 2014) , however effects of P4 on contractile function have not been fully elucidated. One study used a combined E 2 and P4 treatment and showed increased strength of the back extensor muscles in postmenopausal women (Heikkinen et al., 1997) . Similarly, research using rodent models is supportive of E 2 improving muscle contractile function after OVX Greising et al., 2009; Greising et al., 2011a; Greising et al., 2011b) but minimal research has been conducted on P4 (Schneider et al., 2004) . Thus, a second objective of this study was to investigate the effects combined ovarian hormone treatment as well as single hormone treatments have on muscle contractile function with emphasis on muscle fatigue.
After determining that E 2 treatment with or without P4 resulted in increased levels of physical activity and lessened muscle fatigue in ovariectomized mice compared to P4 treatment alone, we conducted a second study to determine if the α estrogen receptor (ERα) specifically in skeletal muscle mediated those effects. Rodent studies have reported estrogen and progesterone receptors are present in areas of the brain that are responsible for motivation for movement (Brinton et al., 2008; Barth et al., 2015) , and that whole-body deletion of ERα decreases levels of cage activities in mice (Ribas et al., 2010) . However, when ERα is ablated only in skeletal muscle (skmERαKO), physical activity in terms of cage activity is unaffected (Collins et al., 2018) . Our third objective was therefore to determine if wheel running distance and skeletal muscle adaptations to exercise, namely fatigue resistance and recovery, was impaired in female skmERαKO mice compared to their wildtype littermates.
Methods

Animals and experimental design of study 1
To address objectives one and two we designed a study to determine if treatment with combined E 2 + P4 treatment as well as E 2 or P4 alone Fig. 1 . Study 1. Average distance run per 24 h plotted as weekly averages (means ± SD). Pre was prior to any intervention. Hormone treatment was initiated at week 5. Group data were analyzed by One-way ANOVA at each week. No differences among groups from wk. 1-5. *Significantly different from OVX at given week.
#
Significantly different from OVX + P4. 1) restored wheel running distance after OVX and 2) improved soleus muscle contractile function, specifically protection against fatigue, after OVX. Female C57BL/6 mice (n = 40) were purchased from Jackson Labs at approximately 4 months of age. Mice were group housed, 5 mice per cage, and allowed to acclimate for 1 week prior to study start. At the initiation of the study, mice were individually housed in cages with access to running wheels for 14 days to assess baseline running distance (Pre; Fig. 1 ). Running distance over the last 7 Pre-days was used to rank order mice into 4 groups: OVX (n = 6), OVX + E 2 (n = 7), OVX + P4 (n = 7), OVX + E 2 + P4 (n = 5). Rank ordering of baseline running wheel distances was used to ensure no difference among groups prior to intervention. The initial 7 days were not used because of high variability from mouse-to-mouse as novelty to the wheels and acclimation occurred. All mice then underwent OVX as previously described (Moran et al., 2006) . In brief, mice were anesthetized via isoflurane (1-2% at 0.2 L/min), dorsal incisions were made, ovaries removed, and incisions closed with 6-0 silk suture and 7-mm wound clips. Two hours prior to surgery all mice received subcutaneous injection of 2 mg/kg slow release buprenorphine (ZooPharm, Windsor, CO). Fourteen mice were euthanized via CO 2 after OVX due to development of dermatitis, and one mouse died during pellet implantation, leaving 25 mice completing the study.
Mice recovered from surgery for 7 days and then were moved to individual cages with running wheels for another 14 days (OVX; Fig. 1 ). At the completion of the OVX running period, hormone treatment was delivered using 60-day time-release hormone pellets (Innovative Research of America, Sarasota, FL) implanted at the base of the neck. Hormone pellets consisted of 0.18 mg E 2 so that mice received approximately 3 μg/day, 42 mg P4 so that mice received approximately 700 μg/day, or a pellet that contained combined E 2 and P4 (42.18 mg total hormones). The doses were chosen based on previous studies which measured these hormone amounts to mimic physiologic hormone levels in mice (Nelson et al., 1981; Farr et al., 1995; Schneider et al., 2004; Moran et al., 2007) .
After hormone pellet implantation, mice returned to the running wheels for~42 days (Hormone Treatment; Fig. 1 ). Body masses were measured weekly for the duration of the study. At the completion of the hormone treatment, mice were weighed and anesthetized via an intraperitoneal injection of sodium pentobarbital (100 mg/kg body mass) and left soleus muscles were tested ex vivo for contractile function to determine if exercise-induced adaptations were affected by the female sex hormones. Contralateral soleus muscles were dissected, snap frozen in liquid nitrogen and stored at −80°for enzymatic assay and protein content analysis. Whole blood was collected via exsanguination, allowed to clot, and spun at 10,000g for 10 min at room temperature. Serum was collected and stored at −80°C with a subset of serum samples used for LC-MS/MS analysis of hormone concentrations.
Animals and experimental design of study 2
To address objective three, we designed a study to determine the impact of ablating ERα in skeletal muscle on wheel running and exercise. Female skeletal muscle specific estrogen receptor α knock-out mice (skmERαKO) and their littermates (skmERαWT), ages 8-16 weeks, were obtained from our colony at the University of Minnesota (n = 32). Generation and characterization of these mice has previously been described (Collins et al., 2018) . SkmERαKO and skmERαWT mice were randomized into 4 groups: skmERαWT-Sed (n = 6), skmERαKO-Sed (n = 5), skmERαWT-Run (n = 11), and skmERαKO-Run (n = 10). Sedentary mice were group housed 3-4 mice per cage while mice in the run group were individually housed in cages with access to a running wheel for 16 weeks. Weekly body masses and daily food intake were measured over the duration of the study. At the end of week 16, all mice underwent Echo MRI for body composition analyses using Echo MRI 3-in-1 (Echo Medical System; Houston, TX). Mice were given continued access to wheels until the day of muscle testing. At week 17, mice were anesthetized via inhalation of isoflurane (1.5%) with O 2 flow rate of 0.125 L/min, and underwent in vivo contractility testing of the plantar flexors (soleus, plantaris, and gastrocnemius muscles). While still anesthetized, mice received an intraperitoneal injection of sodium pentobarbital (100 mg/kg body mass) followed by ex vivo contractility testing of the right soleus muscle. Immediately following testing, the contralateral soleus was dissected snap frozen in liquid nitrogen and stored at −80°for enzymatic assays.
All animals for studies 1 and 2 were housed on a 14 h:10 h light:dark cycle, with free access to water and phytoestrogen free chow (Harland Teklad, 2919, Madison, WI) . All protocols and animal care procedures were approved by the University of Minnesota Institutional Animal Care and Use Committee.
Voluntary wheel running
Mice were individually housed in wheel running cages (Mouse Single Activity Wheel Chamber model 80820, Lafayette Instrument Company, Lafayette, IN). The wheel diameter measures 12.7 cm, width measures 5.72 cm, and revolutions are counted via optical sensor. The run surface of the wheels consisted of 38 rods spaced 6.14 mm apart. Data were recorded via Activity Wheel Monitor Software Model 86065. Each wheel was calibrated weekly with 1-g resistance using resistance brakes (Model 86070-B1, Lafayette Instruments) to prevent the wheel from over-rotating as the mouse moved on/off the wheel and to assure that each mouse ran against an equivalent resistance for the duration of the study.
Ex vivo soleus muscle contractile function
The isolated muscle preparation for ex vivo muscle testing was conducted as previously described (Moran et al., 2005 ) using a 1.2 mL bath filled with Krebs-Ringer buffer, maintained at 25°C. Following the peak isometric tetanic contraction (P o ) measurements, peak concentric force was measured by stimulating the muscle during a 10% L o shortening contraction. Next, soleus muscles underwent a protocol of submaximal fatiguing contractions. Soleus muscles were stimulated for 1000 ms at 40 Hz every 5 s for 5 min, for a total of 60 contractions (Greising et al., 2011a (Greising et al., , 2011b . Recovery from fatigue was assessed by re-measuring P o immediately following the fatigue protocol and every 5 min for 20-25 min.
In vivo plantar flexor muscle function
As previously described for in vivo testing of the plantar flexor muscles, the peroneal branch of the sciatic nerve was first severed to avoid recruitment of the dorsi flexor muscles (Baltgalvis et al., 2012 ). The ankle joint was then positioned such that the foot was perpendicular to the tibia and the knee was stabilized by a clamp to inhibit movement of the lower limb. The foot was secured to a footplate that was attached to the shaft of a servomotor (300B-LR; Aurora Scientific, Aurora, Ontario, Canada). Contraction of the plantar flexors was elicited via stimulation of the sciatic nerve through platinum percutaneous electrodes attached to a stimulator (E2-12 and S48; Grass Telefactor, Warwick, RI). Stimulation voltage and needle electrode placement were optimized during 5-15 isometric tetanic contractions (400-ms train of 0.1-ms pulses at 200 Hz). Following optimization, contractile function of the plantar flexors was assessed by measuring isometric torque as a function of stimulation frequency (10-300 Hz), with highest recorded torque defined as peak isometric torque. Next, for the torque-velocity relationship, the foot was passively moved to 20°d orsiflexion, and a concentric contraction was performed at 300 Hz with the foot simultaneously moving to 20°plantarflexion at varying rates (1200-100°/s). Power was calculated by multiplying the torque generated at a particular velocity by that velocity.
LC-MS/MS method for serum hormone concentration
Serum E 2 was precipitated, eluted and measured using tandem LC-MS/MS methods as previously described (Le et al., 2018) and here with the addition of serum P4 quantification. A micro LC column (2.7 μm, C18 90 Å, Halo Fused core, 100 × 0.3 mm, Eksigen, SCIEX; Framingham, MA, USA) was used in series with an AB SCIEX QTRAP 5500 mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The MS was operated in negative (for E 2 ) and positive (for P4) ionization modes using MRM scans with a collision energy of −55 V (for E 2 ) and +15 V (for P4), source temperature of 295°C, with nitrogen as the collision and ion source gas. The E 2 molecule was identified by a m/z of 271.2 Da and P4 identified by a m/z of 314.4 Da. LC-MS/MS results were analyzed by peak area of the chromatograph using MultiQuant™ (SCIEX).
Total protein content
Frozen muscles were homogenized in RIPA lysis buffer containing protease inhibitor tablet (11836170001, Roche Diagnostics, Indianapolis, IN) and phosphatase inhibitor II and III cocktails (P5726 and P0044, Sigma Aldrich, St. Louis, MO) using bullet blender (Midwest Scientific, St. Louis, MO). Homogenates were centrifuged at 664g for 10 min at 4°C and the supernatant was collected. Protein lysates were assayed in duplicate for total protein concentration using BCA protein assay with albumin standards (Pierce Biotechnology, Rockford, IL).
Mitochondrial enzyme assays
Muscles were homogenized in 33 mM potassium phosphate buffer (pH 7.4) at a muscle-buffer ratio of 1:20 using teflon-on-glass tissue grinder on ice. Protein concentration of each homogenate was measured in triplicate using BCA protein assay kit. Citrate synthase (CS) activity was measured in duplicate, and β-hydroxyacyl-CoA dehydrogenase (β-HAD) activity was measured in triplicate for lateral gastrocnemius muscles and in duplicate for soleus muscles as previously described (Landisch et al., 2008) . Enzyme activities were normalized to total protein content.
Statistical analyses
Data are presented as means ± SD. One-way ANOVAs were used for determining differences among the four groups in study 1 with use of Holm-Sidak post hoc tests when indicated. Two-way Repeated Measures ANOVA was used to determine weekly running wheel differences in study 2 with Holm-Sidak post hoc tests when indicated, and independent t-tests were used to determine differences in total running wheel distance between skmERαWT and skmERαKO groups. Two-way ANOVAs with Holm-Sidak post hoc tests were used to determine differences among groups for all other parameters of study 2. Significance was set at p < 0.05.
Results
Study 1: E 2 and P4 hormone treatments
Body masses were not different among the OVX, OVX + E 2 , OVX + P4, OVX + E 2 + P4 groups at the beginning of the study or 10 weeks later, although there was a trend for mice receiving a single hormone treatment, E 2 or P4, to have relatively low body mass at the end of the study (Table 1 ). Mice treated with E 2 had uterine masses 10-15 times greater than OVX and OVX + P4 mice (Table 1) . Uterine masses of the OVX + E 2 + P4 mice fell in between those of the single hormone treated mice, indicative of progesterone antagonizing the E 2 effect on uterine tissue.
Serum hormone concentrations
Serum E 2 levels were 22.4 ± 10.8 pg/mL in mice treated with E 2 , whereas OVX mice without E 2 treatment had levels of 4.9 ± 5.5 pg/ mL. For comparison, serum E 2 from intact, normal estrous-cycling mice was 16.0 ± 12.3 pg/mL. P4 levels were 243 ± 90.4 pg/mL in OVX mice, 70.9 ± 38.9 pg/mL in OVX + E 2 mice, 1488 ± 339 pg/mL in OVX + P4 mice, and 933 ± 596 pg/mL in OVX + E 2 + P4 mice. For comparison, serum P4 from intact, normal estrous-cycling mice was 1901 ± 297 pg/mL.
Running wheel distance
Twenty-four hour running distances among the groups prior to OVX were not different (p = 0.873). Following OVX at week 3, mice decreased daily distances from 9.8 ± 0.6 km/24 h at week 2 to 5.7 ± 0.6 km/24 h at week 5 (Fig. 1) . Treatment groups did not differ among each other at weeks 2-5 (p ≥ 0.326). At weeks 6 and 8, OVX + E 2 mice ran greater distances than OVX mice (p ≤ 0.019). From weeks 7-10, the OVX + E 2 + P4 group ran greater distances than the OVX group (p ≤ 0.009) and at week 9 ran greater distance than the OVX + P4 group (p = 0.004).
Running distance at week 10 was also analyzed for average distances run during light hours and dark hours. During the 10 h dark cycle, OVX + E 2 + P4 mice ran 53% greater distance than OVX mice (p = 0.003), similar to the total 24-h results. There was no difference in distance run among the four groups during the 14 h of light (0.52 ± 0.16 km/14 h; p = 0.320).
Soleus muscle contractility
There was no difference in soleus muscle size (mass, length, or physiological cross-sectional area) or total protein content among groups (Table 2 ). There were also no differences among groups in peak twitch, tetanic, or concentric force generation or active and passive stiffness (Table 2) .
During repeated submaximal isometric contractions designed to fatigue isolated soleus muscle, there was a difference among groups at contractions 40, 50, and 60 with the OVX + E 2 + P4 mice losing less force than the OVX + E 2 and OVX + P4 mice at contraction 60 (p = 0.023; Fig. 2A ). In order to determine recovery from fatigue, force from a single maximal isometric tetanic contraction was measured immediately following fatigue (time 0; Fig. 2B ) and then again, every 5 min for 25 min. At time 0, mice treated with OVX + E 2 + P4 produced greater force than OVX + E 2 mice (p = 0.027; Fig. 2B ). At 5-25 min after the fatiguing protocol there were no differences among groups in force production (p ≥ 0.055).
To determine if greater oxidative metabolism in soleus muscles contributed to reduced fatigability in OVX + E 2 + P4 mice, β-HAD activity was measured but did not differ among groups (p = 0.349). However, citrate synthase enzyme activity was 50% greater in soleus muscles from OVX + E 2 + P4 mice compared to those from OVX and OVX + E 2 mice (p = 0.015).
Study 2: skeletal muscle ERα ablation
Body composition
There were significant effects of wheel running on all measures of body composition (Table 3) . Mice in the run groups, regardless of genotype, weighed~8 g less and had~8 g less fat mass than mice in the Sed groups (Table 3) . Run mice also had~1 g more lean mass than Sed mice. Subcutaneous and visceral fat pad masses of Run mice weighed 3-4 times less compared to the Sedentary groups. There was no difference in any measure of body composition between female mice with and without skeletal muscle ERα (Table 3) .
Running wheel distance
A significant interaction between genotype and week was found for running wheel distance (p = 0.002). Post-hoc analysis revealed C.A. Cabelka et al. Experimental Gerontology 115 (2019) [155] [156] [157] [158] [159] [160] [161] [162] [163] [164] skmERαKO mice ran a greater distance than skmERαWT mice only at week 6 (p = 0.030; Fig. 3A) . However, the total distance run over 16 weeks was not different between mice with and without skeletal muscle ERα (p = 0.236; Fig. 3B ). Running distance at week 6 was analyzed for average distances run during light hours and dark hours. During 10 h dark cycle, skmERαKO mice ran 45% greater distance than skmERαWT mice (p = 0.024), similar to the total 24-h results. There was no difference in distance run among the four groups during the 14 h of light (0.37 ± 0.11 km/14 h; p = 0.062).
Soleus muscle contractility
Soleus muscle mass and physiological CSA were larger in skmERαKO mice compared to skmERαWT mice (Table 4) . Soleus muscles from Run mice weighed more and had larger physiological CSA than those from Sed mice (Table 4) . Soleus muscles from Sed mice produced 21% greater twitch force and were more resistant to passive stretch than those from Run mice, regardless of genotype (Table 4) . Muscle length, peak isometric tetanic force, and active stiffness were not affected by genotype or activity (Table 4) . Fatigability of soleus muscles over the course of 60 submaximal isometric contractions was affected by genotype with skmERαKO mice losing a greater percentage of force than skmERαWT mice at contraction numbers 10 and 20 (p < 0.001; Fig. 4A ). At contractions 30, 40, 50, and 60 there was a significant interaction between genotype and activity, with the skmERαWT-Sed mice losing less force than the skmERαKO-Sed mice (p ≤ 0.045; Fig. 4A ). At time point 0 during recovery skmERαKO-Run mice and skmERαWT-Sed mice produced greater force than skmERαKO-Sed mice, (p = 0.01; Fig. 4B ). At time points 5, 10, 15, and 20 min after fatigue, skmERαWT mice produced greater force than the skmERαKO mice (p ≤ 0.005; Fig. 4B ).
Plantar flexor muscle contractility
In order to assess the larger group of posterior lower leg muscle recruited during wheel running we assessed in vivo plantar flexor muscle contractility. There was a significant effect of genotype across all peak contraction types, both in absolute peak torque and when peak torque is normalized to muscle mass, with skmERαKO mice producing 7-8% less torque regardless of running activity (isometric, p = 0.014; concentric, p = 0.029; and eccentric, p = 0.013; Fig. 5A-C) . Rates of contraction and relaxation were not different among groups (p ≥ 0.12; data not shown). When activated across submaximal to maximal stimulation frequencies, there were significant effects of genotype with skmERαKO plantar flexors producing less isometric torque at ≥100 Hz (p < 0.01; Fig. 5D ). SkmERαKO mice also produced 11-12% less power at 100 and 200°/s relative to skmERαWT mice (Fig. 5E ). β-HAD activity in the lateral head of the gastrocnemius muscle was significantly greater in the Run groups (p = 0.033), however citrate synthase activity among the groups did not differ with genotype or activity (p ≥ 0.311).
Discussion
Physical activity levels are detrimentally impacted by loss of ovarian hormones in female rodents and treatment with E 2 can reverse or prevent the decline (Stern and Murphy, 1972; Morgan and Pfaff, 2001; Kadi et al., 2002; Hertrampf et al., 2006; Gorzek et al., 2007) . However, when ovarian function declines or when ovaries are surgically removed levels of P4 are affected in addition to E 2 . Clinically, P4 treatment is indicated for treatment of postmenopausal hot flashes (Prior and Hitchcock, 2010) as well as used in combination with a form of estrogen in hormone therapy for postmenopausal women with an intact uterus. Therefore, our first objective in study 1 was to investigate the effects of a combined hormone treatment as well single hormone treatments on voluntary wheel running as a form of physical activity in female mice. First, we confirmed with LC-MS/MS that serum concentrations of E 2 and P4 were low in OVX mice and in hormone-treated mice were within physiological ranges reported for C57Bl/6J mice with normal estrous cycles (Nelson et al., 1981) . The latter was important to ensure mice were not being treated with supraphysiological doses of hormones.
As expected wheel running distance decreased following OVX bỹ 58%. A novel result of this work is that the combined E 2 + P4 treatment in study 1 restored wheel running to within 20% of presurgical levels. Treatment with E 2 alone increased wheel running distance however treatment with P4 alone did not (Fig. 1) . These P4 results are consistent with previous studies showing that P4 treatment following OVX did not improve wheel running distance in rodents (Young and Fish, 1945; Rodier, 1971 ; Hoffman-Goetz and Fietsch, Data are mean ± SD. Cabelka et al. Experimental Gerontology 115 (2019) 155-164 2002). As with voluntary wheel running, OVX results in reduced cage activity and is attenuated by E 2 treatment (Greising et al., 2011a; Greising et al., 2011b) . Together these results suggest that the primary ovarian hormone affecting physical activity is E 2 .
In addition to physical activity, ovarian hormone status also has been reported to influence skeletal muscle contractility. Our lab and others have reported that E 2 treatment after OVX is protective against fatigue (Hou et al., 2010; Greising et al., 2011a Greising et al., , 2011b . To better understand the role of both ovarian hormones on fatigue and recovery, we investigated the effects of combined E 2 + P4 and single hormone treatments on soleus muscle contractile function in study 1. Our results suggest that combined E 2 + P4 hormone treatment provides the greatest protection against fatigue (Fig. 2) . To our knowledge there is Force loss over 60 submaximal isometric contractions presented as a percent of the initial force (means ± SD). *OVX + E 2 + P4 significantly different from OVX + P4 and OVX + E 2 . B) Recovery of maximal isometric force after 60 submaximal fatiguing contractions presented as a percent of initial maximal isometric force (means ± SD). $ OVX + E 2 + P4 significantly different from OVX + E 2 .
Table 3
Body and fat masses for skmERαWT and skmERαKO female mice in study 2. Data are mean ± SD. only one other investigation into the effects of a combined hormone treatment on skeletal muscle fatigue (Schneider et al., 2004) . Schneider et al. (2004) reported that single hormone treatment with P4 best protected the plantar flexor muscles against fatigue compared to treatments with E 2 , E 2 + P4, and placebo. There are a few key differences between that study and ours. In our protocol, we used submaximal isometric contractions to induce fatigue of the isolated soleus muscle; their protocol used maximal eccentric contractions of the plantar flexor muscles in vivo (i.e., soleus, gastrocnemius, and plantaris muscles). Additionally, we extended our recovery period to 25 min vs. 3 min. By extending the recovery period we are able to show that all treatments aided recovery to at least 80% of the initial force, indicating fatigue rather than injury. Our fatigue protocol resulted in 25-45% decreases in force immediately after the protocol, while theirs caused 73-86% decreases in force. Thus, it is difficult to truly compare the results of our study to those of Schneider et al. (2004) due to these key differences, though in both studies P4 appeared to be beneficial. Because of the paucity of research utilizing a combine hormone treatment or P4 alone, more research is needed to fully elucidate muscle fatigue mechanisms. Because mice that received the combined hormone treatment also ran the greatest distance, it is plausible that hind limb muscles from that group of mice also would have the highest oxidative capacity. Our results showed citrate synthase activity, indicative of mitochondrial content, was greater in soleus muscles from mice given the combined E 2 + P4 treatment thus representing a possible mechanism for their increased fatigue resistance. E 2 functions by binding to ERs and ERα in particular is present in a wide range of tissues including skeletal muscle (Kuiper et al., 1997; Pavao and Traish, 2001; Lemoine et al., 2003; Wiik et al., 2009; Baltgalvis et al., 2010) . Our lab has previously demonstrated that E 2 utilizes ERα to elicit its effects on skeletal muscle function (Collins et al., 2018) . Therefore, in study 2 our objective was to determine if deletion of skmERα affects voluntary wheel running, and if such exercise training would rescue previously reported deficits in muscle function. One limitation of this study is the difference in housing among our groups, with the mice in the run groups housed individually, while the mice in the sedentary groups were group housed.
The results that wheel running distance did not differ between skmERαWT and skmERαKO mice (Fig. 3) are consistent with our previous finding of no genotype difference between these mice in 24-h cage activities (Collins et al., 2018) . In contrast, studies investigating mice with whole-body deletion of ERα showed decreased levels of activity (Ogawa et al., 2003; Ribas et al., 2010) . Together these results suggest that physical activity is regulated via central (i.e., brain), not peripheral (i.e., muscle) mechanisms, likely via E 2 acting through ERα (Correa et al., 2015; Su et al., 2015) .
We would anticipate long-term wheel running to have an impact on muscle fatigue, thus we isolated soleus muscle to assess fatigability and recovery from fatigue. Our results from study 2 showed that wheel running partially protected skmERαKO mice against fatigue (Fig. 4A) . Data are mean ± SD. However, skmERαKO mice only partially recovered maximal force generation after fatiguing contractions, and did not sustain this ability throughout the recovery (Fig. 4B ). Collectively these results are consistent with the results previously published in our lab (Collins et al., 2018) as well as work from Ribas et al. (2016) who reported decreased force production in soleus muscle of a similar mouse model of skeletal muscle deleted ERα (Ribas et al., 2016) . Changes in muscle oxidative capacity could help to explain the differences in fatigability, however our results indicated modest increases only in β-HAD activity in the run groups. Similarly, work by Ribas et al. (2016) showed no differences in citrate synthase activity, expression of transcriptional regulators of mitochondrial biogenesis, or protein abundance of select components of the mitochondrial electron transport chain between their skeletal muscle specific ERαKO mice and control littermates (Ribas et al., 2016) . However, the authors did report reductions in calcium handling, ATP production, and elevated ROS production in mice lacking ERα in skeletal muscle, indicating dysfunctional mitochondria. A limitation of the present study is that we did not investigate measures of mitochondrial function in addition to the enzyme assays. It is possible that the exercise program used in this study was not intense enough or of a long enough duration to induce changes in the mitochondrial function to impact muscle fatigue. Future studies should further investigate the effects of varied training programs on mitochondrial function in mice lacking skeletal muscle ERα. Cabelka et al. Experimental Gerontology 115 (2019) 155-164 Although we would expect all these markers of oxidative capacity to change with exercise training, we did focus our analyses on the soleus muscle, which is already highly oxidative. We observed a significant weight gain in our sedentary groups, and we know that the soleus muscle works as a postural stabilizer when mice are performing normal activities. Thus, we speculated that perhaps the soleus muscles in the sedentary mice were required to work sufficiently hard against the gain in body mass that there were enough adaptations to equal the oxidative changes elicited via wheel running.
Wheel running in study 2 prevented the body and fat mass gain observed in the sedentary mice (Table 3) . We did not find a difference in body mass between skmERαWT and skmERαKO mice which is in contrast to previous reports (Ribas et al., 2016; Collins et al., 2018) . We also did not measure differences between genotypes in fat mass or % fat gain, similar to our previous report (Collins et al., 2018) .
In study 2 we also sought to determine if exercise training would rescue the previously reported decrements in muscle function of skmERαKO mice (Collins et al., 2018) . Our in vivo assessment of the plantar flexors indicated that long-term voluntary wheel running had no impact on skeletal muscle function in skmERαKO mice. Consistent with our characterization of the skmERα mice (Collins et al., 2018) , the present study found a genotype effect with the skmERαKO mice producing less in vivo plantar flexor muscle force, decreased force at higher stimulation frequencies and decreased power at slower velocities (Fig. 4) .
In summary, key findings from studies reported here demonstrate that: 1) although combined hormone treatment (E 2 + P4) restores wheel running distances, this is likely driven by E 2 working through ERα in tissue outside of skeletal muscle, 2) combined hormone treatment (E 2 + P4) protects against skeletal muscle fatigue, 3) skeletal muscle ERα is necessary for optimal muscle contractile function, and 4) exercise training partially protects muscle lacking ERα against skeletal muscle fatigue. Thus, physical activity and skeletal muscle function are both affected by ovarian hormone status. The clinical relevance of this work is based on the premise that maintenance of physical activity and skeletal muscle function are critical for women to maintain independence throughout the lifespan. As such, elucidating the mechanisms through which ovarian hormones elicit their effects is essential to determining potential therapeutic targets for menopausal-related dysfunctions.
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